SUMMARY
Forgetting is a universal feature for most types of memories. The best-defined and extensively characterized behaviors that depict forgetting are natural memory decay and interference-based forgetting [1, 2] . Molecular mechanisms underlying the active forgetting remain to be determined for memories in vertebrates. Recent progress has begun to unravel such mechanisms underlying the active forgetting [3] [4] [5] [6] [7] [8] [9] [10] [11] that is induced through the behavior-dependent activation of intracellular signaling pathways. In Drosophila, training-induced activation of the small G protein Rac1 mediates natural memory decay and interference-based forgetting of aversive conditioning memory [3] . In mice, the activation of photoactivable-Rac1 in recently potentiated spines in a motor learning task erases the motor memory [12] . These lines of evidence prompted us to investigate a role for Rac1 in time-based natural memory decay and interference-based forgetting in mice. The inhibition of Rac1 activity in hippocampal neurons through targeted expression of a dominantnegative Rac1 form extended object recognition memory from less than 72 hr to over 72 hr, whereas Rac1 activation accelerated memory decay within 24 hr. Interference-induced forgetting of this memory was correlated with Rac1 activation and was completely blocked by inhibition of Rac1 activity. Electrophysiological recordings of long-term potentiation provided independent evidence that further supported a role for Rac1 activation in forgetting. Thus, Rac1-dependent forgetting is evolutionarily conserved from invertebrates to vertebrates.
RESULTS

Bi-directional Regulation of Recognition Memory by Manipulating Rac1 Activity
We first wanted to determine whether the formation and retention of hippocampus-dependent memories are perturbed by the targeted manipulation of Rac1 activity in hippocampal neurons. For this purpose, we constructed several adeno-associated viruses (AAVs) that carry mutant Rac1 transgenes, either dominant-negative Rac1 (Rac1-DN) to inhibit endogenous Rac1 activity or constitutively active Rac1 (Rac1-CA) to increase Rac1 activity, driven by the CaMKIIa promoter that theoretically restricts expression to excitatory neurons [13] . To verify that the Rac1 mutant transgenes subcloned into the AAV vector are functional, we infected cultured primary hippocampal neurons with the constructed AAVs. As expected and consistent with previous publications [14] , overexpression of Rac1-DN led to a reduced spine density, with more long and thin filopodia-like spines (Figure S1A) , and reduced synaptic motility ( Figure S1B ). However, the expression of Rac1-CA produced more lamellipodia-like synapses with a large spine head ( Figure S1A ). Immunostaining of the brain slices revealed that injection of the virus into the DG and CA1 regions led to highly restricted hippocampal expression ( Figure 1A ). Western blotting confirmed that Rac1 activity in the hippocampus was either reduced or increased following the expression of Rac1-DN and Rac1-CA, respectively ( Figure 1B) .
The behavioral consequences of the induced Rac1-DN or Rac1-CA expression within the hippocampus were assayed in three hippocampal-dependent memories, including contextual fear conditioning, trace fear memory, and object recognition memory. Recent studies with permanent or reversible inactivation of the hippocampus support an essential role of the hippocampus in this non-spatial object memory [15] [16] [17] [18] . All procedures were approved by the Tsinghua University Animal Care and Use Committee.
We found that both the formation and retention of the contextual fear conditioning and trace fear conditioning memories remained completely normal ( Figure S2A) , showing that induced alterations in Rac1 activity did not exert deleterious effects on the hippocampal functions in this case. For the object recognition task, the formation of recognition memory was not affected by Rac1 activity (see 4-hr memory in Figure 1C ), but the retention or memory decay was strikingly affected by Rac1 activity. The inhibition of Rac1 activity through the expression of Rac1-DN in hippocampal excitatory neurons prolonged a memory that normally lasts less than 72 hr to over 72 hr. Conversely, the elevated Rac1 activity (Rac1-CA) reduced the memory to less than 24 hr ( Figure 1C) . Thus, the passive memory decay or time-based forgetting of recognition memory is regulated by Rac1 activity in hippocampal excitatory neurons.
We obtained two additional lines of evidence in support of this conclusion. First, the inhibition of Rac1 activity in hippocampal astrocytes via expression of GFAP-driven Rac1-DN exerted no significant effects on recognition memory formation and decay ( Figure S2B ). Second, none of the basic parameters of mouse behavior, including locomotor activity, anxiety, object preference, and exploratory activity, were affected by AAV injection ( Figures  S2C and S2D) . Thus, the subsequent studies all focused on object recognition memory.
Interference-Based Forgetting Is Blocked by the Inhibition of Rac1 Activity As indicated by psychological and animal behavioral studies, forgetting may be induced through either proactive or retroactive interference (RI) [1] . This work is only concerned with RI.
As human studies show a temporal feature for RI-induced forgetting [1] , we introduced RI (recognition of another pair of new objects) at various time windows between sampling (training to recognize the original pair of objects) and testing (memory of the original pair of objects) phases (Figures 2A-2D , top). When RI was introduced 22 hr after sampling (training), it induced forgetting of the 24-hr ( Figure 2A ) and 48-hr memories ( Figure 2B ), whereas the introduction of RI at 8 hr did not affect the 24-hr memory, suggesting existence of a sensitive time window for the RI. Furthermore, when a loud tone in a different chamber was introduced to serve as an RI, it exerted no effects on recognition memory in all of the time windows tested (Figure 2C ; n = 10-15), suggesting that only a similar memory task could induce interference-based forgetting. We also found that short-term memory (4 hr) is resistant to interference when RI was introduced 2 hr before the test ( Figure 2D ). Therefore, we established an RI-induced forgetting paradigm, in which a 22-hr RI on a similar memory trace could induce forgetting.
This well-defined temporal nature of RI-induced forgetting provided us an opportunity to determine whether endogenous Rac1 activity is associated with forgetting. We compared the Rac1 activity among three groups of mice at 30 min after sampling or 30 min after RI, which was introduced at either 8 hr or 22 hr after sampling (top panel in Figure 2E) . Surprisingly, we found that the introduction of RI at 8 hr after sampling did not alter Rac1 activity, whereas RI significantly increased Rac1 activity if it was introduced 22 hr after sampling ( Figure 2E ; n = 4-5). This result provides an intuitive explanation of why RI does not induce forgetting when it is introduced 8 hr after sampling because Rac1 could not be activated. However, RI was effective when introduced at 22 hr because it is capable of activating Rac1, although there is no clue regarding the underlying mechanisms.
Additional experiments were performed to solidify this observation. To exclude any contributions from the different time points after sampling, we compared Rac1 activity 22 hr after sampling with or without RI ( Figure 2F ). In both young and aging groups, 22-hr RI significantly increased Rac1 activity, suggesting that RI-induced forgetting is correlated with Rac1 activation in the hippocampus at different ages ( Figure 2F ).
If the RI-induced activation of Rac1 activity indeed leads to interference-based forgetting, one would expect to see that Figure S1 for effects of manipulating Rac1 activity on spine morphology in hippocampal neuronal culture using these AAVs. (C) Top: depiction of the novel object recognition task. After AAV injection for 2 weeks, mice were habituated for 10 min, and sampling was conducted after 24 hr for 5 min and then tested for 5 min at various time intervals (4 hr, 24 hr, 72 hr, and 120 hr) to calculate the memory retention curve shown in the bottom panel. Compared with the control animals, naive animals showed comparable memory retention, while mice that were injected with Rac1-DN showed a slower memory decay (4 hr, ANOVA, p = 0.9330, n = 16-19; 24 hr, ANOVA, p = 0.79923, n = 17-19; 72 hr, p = 0.0350, n = 9-16; 120 hr, ANOVA, p = 0.2344, n = 12-13), whereas mice that were injected with Rac1-CA showed dramatically accelerated forgetting (Ctrl versus Rac1-CA, 4 hr, ANOVA, p = 0.9559, n = 9-18 and 24 hr, ANOVA, p = 0.0012, n = 9-15). Only the above error bar is shown. See also Figure S2 for influence of neuronal or glial Rac1 manipulation on fear memory or novel object recognition memory and effects of injecting AAV-Rac1 mutants on basal behavior. All plots depict mean ± SEM. suppression of interference-induced Rac1 activation should block interference-based forgetting. The inhibition of Rac1 activity in excitatory neurons, but not glial cells, through AAV-induced expression of Rac1-DN indeed blocked RI-induced forgetting ( Figure 3A) .
Our pharmacological approach further confirmed these findings. Ehop016 (intraperitoneally [i.p.] 20 mg/kg), an inhibitor of Rac1 activity [19, 20] , was injected into the mouse immediately after sampling (top panel in Figure 3B ). This injection indeed reduced hippocampal Rac1 activity and also had no observable effects on the basic parameter of mouse behaviors, including locomotor activity and exploratory activity ( Figure S3 ). However, the 22-hr RI-induced forgetting was blocked ( Figure 3B ). Thus, Rac1 activation regulates the interference-based forgetting of object recognition memory.
Rac1 Activity Regulates the Stability of Long-Term Potentiation Because the stability of object recognition memory is critically influenced by Rac1 activity in hippocampal excitatory neurons, we examined whether and how Rac1 activity regulates the stability of long-term potentiation (LTP). In parallel with the observed behavioral phenotypes, i.e., time-based natural decay and interference-based forgetting, we examined Rac1 activity in LTP maintenance and resistance to low-frequency stimulationinduced interference by recording field potentials from the CA3 area using the MED64 system. One theta burst stimulation (TBS) led to a weak LTP in ctrl slices that decayed to the baseline within approximately 2 hr, which is consistent with previous reports [21] . Compared with the ctrl slice, the increased Rac1 activity in slices expressing Rac1-CA resulted in an accelerated LTP decay, whereas the inhibition of Rac1 activity in slices expressing Rac1-DN produced a much more stable LTP that lasted over 2 hr ( Figure 4A) .
It is well known that strong stimulation, such as 4xTBS induction, would produce LTP that is stabilized 30 min after induction to an extent that it becomes resistant to disruption with low-frequency stimulation [22, 23] . Interestingly, for the weak 1xTBS-induced LTP used here, when Rac1 activity was inhibited (Rac1-DN), PP-LFS was unable to induce depotentiation ( Figure 4B ). In contrast, in the slices with elevated Rac1 activity (Rac1-CA), PP-LFS not only reversed LTP but also caused significant long-term depression (LTD) (Figure 4B) . Thus, LTP stability in both time-based decay and resistance to low-frequency stimulation-induced disruption is highly regulated by Rac1 activity in a pattern similar to memory stability.
DISCUSSION
The current study intended to determine whether the forgetting of any hippocampus-dependent memories is regulated by Rac1 activity in mice. This novel object recognition memory appears to be an ideal for studying forgetting. It maintains a relatively stable memory from 4 hr to 48 hr after training and then drops close to zero memory at 72 hr (see Figure 1C ). This memory can also be abolished through RI. The evidence presented here leads us to conclude that the activation of Rac1 within excitatory neurons, not glial cells, in the hippocampus causes time-based natural decay and retrograde interference-induced forgetting of object recognition memory. In addition, a number of pertinent concerns are clarified below.
Interference-Induced Forgetting
In psychology, RI on forgetting is timing dependent and is most effective immediately after sampling or before testing [1] . In studies of rats [24] and mice (see Figures 2A-2D) , it consistently shows that interference is also timing dependent. Interference exerts no impact on memory within the specific time window after sampling, such as at 2 hr and 8 hr for 4-hr and 24-hr recognition memory test, respectively (see Figures 2A and 2D ), but leads to significant forgetting at hour 22 (see Figure 2A) . This forgetting appears to be permanent because the impact remains at hour 48 (see Figure 2B ).
This timing dependence could arise from the different abilities of interference to induce Rac1 activity. Western blotting reveals that interference at hour 8 is incapable of activating Rac1 activity, whereas the same interference introduced at hour 22 significantly increased Rac1 activity in hippocampal tissues (see Figure 2E) . Although the mechanisms underlying interferencedependent Rac1 activation remain unknown, this phenomenon is confirmed in all ages (young or old) of mice examined (see Figure 2F) . The inhibition of Rac1 activity through either virus-mediated expression of Rac1-DN or injection of a Rac1 inhibitor blocks interference-induced forgetting.
Rac1 in Forgetting
Rac1 plays a fundamental role in the development of synaptic connectivity through regulating cytoskeleton organization [25] [26] [27] . However, manipulation of Rac1 activity through virusdriven expression of Rac1-DN or Rac1-CA in the adult hippocampus appears not to produce generalized deleterious effects on synaptic structures and functions. Among the three hippocampus-dependent tasks examined, only the decay or forgetting of object recognition memory is specifically affected.
The presented Rac1-dependent forgetting is consistent with previous reported studies of Rac1 effects in learning and memory. Mice deficient in BCR or ABR genes, which encode Rac1-GAPs, exhibit enhanced basal Rac1 activity, impaired object recognition memory (24-hr test), and reduced LTP maintenance [28] . Furthermore, the reduced Rac1 activity in forebrain regions, including DG and CA1 in the hippocampus, in Rac1 conditional Figure 3 . Suppression of RI-Induced Forgetting by Inhibiting Rac1 Activity (A) Top: experimental design. Two weeks after AAV injection, the mice were subjected to a 24-hr novel object recognition test with 22-hr RI. RI-induced forgetting was blocked by the neuronal expression of a CaMKIIa promoter-driven dominant-negative Rac1 protein (t test, p = 0.0166 compared with CaMKIIa-EGFP, p = 0.0028 compared with naive, n = 12-14), but not the glial expression of Rac1-DN (t test, p = 0.7151, n = 10 for each group). (B) Top: experimental design. The Rac1 inhibitor Ehop016 was i.p. injected at a dose of 20 mg/kg immediately after sampling, RI was introduced 22 hr later, and the test was performed 2 hr after RI. RI-induced forgetting was also blocked by the inhibitor (t test, p = 0.0008, n = 13-14). See also Figure S3 for effects of ehop016 injection on Rac1 activity in the hippocampus and basal behavior. All plots depict mean ± SEM. knockout mice promotes prolonged spatial memory that causes impairments in working memory [29, 30] . Rac1 activity also regulates memory in other brain regions, including cocaine-induced addition memory in the nucleus accumbens [31] and motor memory in the motor cortex [12] . Thus, Rac1 activation could be an evolutionarily conserved forgetting mechanism for multiple memories.
Active forgetting could be induced by other mechanisms such as neurogenesis and AMPA receptor endocytosis [11, 32, 33] . Deficient neurogenesis in hippocampus prevents the clearance of old memories [34] . Increasing neurogenesis after the formation of a memory was sufficient to induce forgetting in adult mice [10] . Artificial manipulation of signaling molecules involved in LTP and memory maintenance such as NMDA, CaMKII, and PKMzeta [34] [35] [36] [37] [38] [39] could also lead to forgettinglike effects. Rac1 inhibition slowed the decay of LTP within 2 hr, whereas Rac1 activation accelerated the LTP decay compared with the control, as indicated by the fEPSP slope. The average fEPSP slope in the last hour of the LTP recording was shown on the right. Rac1-DN slices show higher fEPSP slopes than the ctrl slices (t test, p = 0.0104, n = 8 in each group), whereas the Rac1-CA slices generate lower fEPSP slopes (t test, p = 0.0403, n = 8 in each group). (B) Similar to (A), except that PP-LFS (50-ms interval) was introduced 1 hr after the LTP recordings; PP-LFS failed to reverse LTP in the Rac1-DN slices but significantly induced LTD in the Rac1-DN slices compared with the baseline. The average fEPSP slope after PP-LFS is shown on the bottom right. The fEPSP slopes in the Rac1-DN slices remain higher than the ctrl (t test, p = 0.0115, n = 9-10), whereas the fEPSP slopes are significantly reduced in the Rac1-CA slices after PP-LFS compared with the ctrl slices (t test, p = 0.0001, n = 9-10). All plots depict mean ± SEM.
In summary, both natural memory decay and interference-induced forgetting of object recognition memory are mediated through the same molecular mechanism as to activation of the Rac1 pathway. Increased Rac1 activity accelerates forgetting, whereas inhibition of Rac1 activity prolongs memory retention and suppresses the interference-induced forgetting. In support of this finding, elevated Rac1 activity accelerates the decay of LTP, and inhibition of Rac1 activity prolongs LTP. Forgetting-related Rac1 activation could be induced by training, such as in the case of interference. Thus, this Rac1-dependent active forgetting is highly conserved from invertebrates to vertebrates.
EXPERIMENTAL PROCEDURES Animal
All experiments were performed under the Guide for the Care and Use of Laboratory Animals. C57BL/6J (age 3-5 months, male) were purchased from Vital River Laboratory (Animal Technology, Beijing, China) and were maintained under standard conditions of Tsinghua University animal facility.
Stereotactic Surgery Procedure
The mice were anesthetized with 0.2% sodium pentobarbital (5 ml/kg).Bilateral craniotomies were performed using a 0.5-mm diameter drill. The virus was injected using a 10-ml nanofil syringe controlled by UMP3 and Micro4 system (WPI) with a speed of 100 nl/min. The DG injections were bilaterally targeted to À2.0 mm AP, ±1.5 mm ML, and -2.0 mm DV. The CA1 injections were bilaterally targeted to À2.0 mm AP, ±1.5 mm ML, -1.5 mm DV. The virus volumes were 400 nl for the DG and 600 nl for CA1. After the injection, the needle stayed for 10 min to make sure the virus spread in the targeted place before it was slowly withdrawn. The mice remained on an electric blanket until they fully recovered from the anesthesia. After surgery, the mice were allowed to recover for at least 2 weeks before all subsequent experiments were performed.
Slice Preparation and Electrophysiology
Transverse hippocampal slices (300 mm) were prepared from 4-month-old mice by VF-300 microtome (Precisionary Instruments) and maintained in an interface chamber between humidified carbogen gas (95% O 2 /5% CO 2 ) and artificial cerebrospinal fluid (ACSF) containing 124 mM NaCl, 3 mM KCl, 1.25 mM KH 2 PO 4 , 1 mM MgSO 4 , 2 mM CaCl 2 , 26 mM NaHCO 3 , and 10 mM glucose (pH 7.2-7.4). After recovering at room temperature for at least 1 hr, the slices were kept in the MED probe for 1 hr to attach the 16-channel array (MED-PG515A, Alpha MED Sciences). Extracellular field excitatory post-synaptic potentials (fEPSPs) in the Schaffer collateral pathway were synaptically evoked at 0.025 Hz and recorded in CA1. The fEPSPs were evoked using a stimulation intensity that elicited a 30% maximal response. Data acquisition and analysis were performed using the multielectrode MED64 hardware and software packages (Panasonic). Additional analyses were performed using Microsoft Excel and GraphPad Prism. LTP was induced by one-train TBS, consisting of 10 3 100-Hz bursts (four pulses per burst) with a 200-ms interval between bursts; LTD was induced by paired pulse low-frequency stimulation (PP-LFS; 900 paired pulses delivered at 1 Hz, with an inter-pulse interval of 50 ms) 1 hr after the LTP recordings.
Novel Object Recognition Task
For the habituation phase, individual adult male mice were placed in a chamber (50 cm 3 50 cm 3 40 cm) and allowed to freely explore the context for 10 min while being recorded by an overhead camera. This phase was also conducted as the open field test to assess the animal's basal locomotor activity indicated by the average speed and anxiety levels indicated by the percentage of time spent in the middle arena (30 cm 3 30 cm). For the sampling phase, the animal was placed in the same chamber containing two different objects for 5 min and allowed to explore the object. To saturate the odor left by the previous mice and to make the mice more relaxed, we placed standard animal beddings in the chamber [40] . For the testing phase, one of the objects was exchanged with a new one, and the time spent exploring the two objects was separately recorded using ANY-MAZE software. The discrimination index (DI) was calculated using the following formula: (time exploring the novel object À time exploring the familiar object)/(time exploring the novel object + time exploring the familiar object) 3 100. For the memory decay curve, time intervals between sampling and testing were 4 hr, 24 hr, 72 hr, and 120 hr. To interfere with the original memory of object A and B, we introduced two new objects, C and D, after sampling in the same context with various time intervals (2 hr, 8 hr, or 22 hr), and the test was conducted by changing either object A or object B. To counterbalance the preference for the different objects in the testing phase, we exposed half of the animals to object A and the other half to object B as the familiar object. For non-similar memory trace interference, the mice were exposed to a loud tone (85 db, 12,000 Hz) in a different context after the sampling phase instead of two extra objects in the same context, and the test was conducted similar to the procedure described above.
Data Analysis
Statistical analysis was performed using Student's t tests or ANOVA with Bonferroni-corrected pairwise comparisons in GraphPad Prism 6.0 for normally distributed variables to determine the significance of the differences between the controls and treatments. A p value of less than 0.05 was considered statistically significant. The data are shown as the means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., nonsignificant (p > 0.05). 
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